A b s t r a c t . -The s o l u b i l i t y of s e v e r a l d o p a n t s (Sb, Ga, B i , I n ) i n l a s e r t r e a t e d s i l i c o n has been i n v e s t i g a t e d . The do:>ants were i n t r o d u c e d by vacuum d e~o s i t i o n followed by a ruby l a s e r i r r a d i a t i o n . T h e i r s o l u b i l i t y was determined by Rutherf o r d b a c k s c a t t e r i n g spectrometrlr measurements i n channeling and random c o n d i t i o n s . I n a l l c a s e s a s o l u b i l i t y l i m i t C h i g h e r t h a n t h e e q u i l i b r i u m s o l u b i l i t y was found and a simple c o r r e l a t i o n wi??fi t h e e q u i l i b r i u m d i s t r i b u t i o n c o e f f i c i e n t k could be e s t a b l i s h e d :
C'

I n t r o d u c t i o n . -I t i s now w e l l e s t a b l i s h e d t h a t t h e s o l u b i l i t y of a d o p a n t i n a semi-
conductor c a n b e s i g n i f i c a n t l y i n c r e a s e
d b:~ i r r a d i a t i o n w i t h a h i g h energy l a s e r o r e l e c t r o n beam. I n s i l i c o n , f o r example, t h i s e f f e c t h a s been r e p o r t e d f o r antimony / 1 , 2 / ,
g a l l i u m /3/, platinum / 4 / , a r s e n i c / 5 / , and i n some c a s e s t h e i n c r e a s e can b e of sever a l o r d e r s of magnitude. I t a~p e a r e d i n t er e s t i n g t o s e e i f t h e r e i s a s o l u b i l i t y lim i t of t h e dopant a f t e r such a t r e a t m e n t . T h e r e f o r e , we p r e p a r e d h e a v i l y d o~e d s a m~l e s of s i l i c o n by vacuum d e p o s i t i o n of t h e dop a n t followed by ruby l a s e r a n n e a l i n g /6,7/.
The c o n c e n t r a t i o n of d o p a n t i n t r o d u c e d i n s u b s t i t u t i o n a l s i t e and t h u s t h e s o l u b i l i t y were measured u s i n g Rutherford Backscatter i n g Spectrometry (RBS). T h e r e f o r e , o u r exp e r i m e n t s were r e s t r i c t e d t o shallow d o p a n t s h e a v i e r t h a n s i l i c o n ; Sb, Ga, B i , I n . For a l l elements a s o l u b i l i t y l i m i t CmR independ e n t on t h e l a s e r energy was found. The val u e s o b t a i n e d were compared t o t h e maximum s o l u b i l i t i e s found by o t h e r a u t h o r s u s i n g d i f f e r e n t doping methods and l a s e r t r e a t --ments i n o r d e r t o s e e i f t h e s o l u b i l i t y lim i t found i s r e a l l y independent of t h e s e par a m e t e r s . F i n a l l y t h e y have been p l o t t e d aga i n s t s e v e r a l p a r a m e t e r s . Like f o r t h e e q u i - c o e f f i c i e n t was found . The e v a p o r a t i o n chamber 1:ms numped down t o a p r e s s u r e below 1 , O x t o r r . The d o p a n t was evaporated by J o u l e e f f e c t . The f i l m t h i c k n e s s was monitored by a q u a r t z and t h e r a t e of d e p o s i t i o n was maintained 0 below 2 A / s i n o r d e r t o avoid p r e s s u r e r i s e and sample h e a t i n g . The d e p o s i t e d t h i c k n e s s a s measured by t h e monitor ranged between 0 20 and 200 A . For t h e t h i c k e s t samples t h e s e v a l u e s were confirmed by e l e c t r o m e c h a n i c a l measurements performed w i t h a T a l y s t e p app a r a t u s . The amount of d o p a n t d e~o s i t e d was measured i n a l l c a s e s by RBS and t h e v a l u e s o b t a i n e d were g e n e r a l l y i n good agreement w i t h t h e i n d i c a t i o n s of t h e monitor.
1 . 2 Laser t r e a t m e n t . -The dopant covered specimens were i r r a d i a t e d u s i n g t h e amplif i e d monomode o u t p u t of a p u l s e d r u b y l a s e r w i t h energy d e n s i t i e s i n t h e r a n g e 1.1 t o 2 ~/ c m~. The p u l s e d u r a t i o n time was e q u a l t o 20 n s . The l a s e r s p o t was n e a r l y uniform o v e r i t s d i a m e t e r ( -Ian) and u s u a l l y one s i n g l e p u l s e was used. A f t e r i r r a d i a t i o n t h e specimens were e t c h e d w i t h a p p r g p r i a t e Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1980407 m i x t u r e s i n o r d e r t o remove t h e dopant which d i d n o t d i f f u s e i n t o t h e c r y s t a l .
Determination of dopant c o n c e n t r a t i o n . -
The c o n c e n t r a t i o n p r o f i l e s of t o t a l and i n t e r s t i t i a l d o p a n t was determined by RBS i n r a n d m and channeling c o n d i t i o n s /8/. 
S i n c e t h e s u b s t i t u t i o n a l f r a c t i o n i s n e a r l y t h e same along a l l a x e s /7/ we can e s t i m a t e t h e s o l u b i l i t y from t h e d i f f e r e n c e s between t h e RBS S p e c t r a under random and channeling c o n d i t i o n s .
On f i g u r e 2 we have r e p o r t e d t h e maximum c o n c e n t r a t i o n of d o p a n t a s w e l l a s t h e rnaximum s o l u b i l i t y measured f o r v a r i o u s l a s e r e n e r g i e s and d e p o s i t e d t h i c l r n e s s of a n t imony. I t a p p e a r s c l e a r l y t h a t t h e s o l u b i l it y r e a c h e s a l i m i t i n a l l c a s e s which i s n e a r l y independent on t h e l a s e r energy and S i m i l a r experiments were performed w i t h o t h e r d o p a n t s . Table I summarizes t h e r e s ul t s o b t a i n e d a s w e l l a s t h e e q u i l i b r i u m lim i t a t T = 1200°C.
TABLE I
S i n c e t h e s e s o l u b i l i t y limits have been o b t a i n e d f o r a p a r t i c u l a r doping p r o c e s s and a p a r t i c u l a r l a s e r t r e a t m e n t i t appear e d i n t e r e s t i n g t o s e e i f t h e same v a l u e i s found f o r o t h e r doping p r o c e s s (implantat i o n ) and f o r o t h e r l a s e r i r r a d i a t i o n s (YAG, CO2 l a s e r s ) o r even f o r e-beam i r r a d i a t i o n . S t u d i e s made on implanted samples gave e s s e n t i a l l y t h e same r e s u l t s . Table I1 
sho,rs a comparison of t h e s o l u b i l i t y l i m i t s found h e r e w i t h t h e maximum s o l u b i l i t y r e p o r t e d
by White /5/ on i o n implanted S i annealed w i t h a ruby l a s e r . 
Excepted f o r Ga, t h e agreement between t h e r e s u l t s obtained by t h e two methods i s good. This i n d i c a t e s t h a t t h e s o l u b i l i t y lim i t i s not dependent on t h e way t h e dopant i s introduced. TABLEAU I1
I
The question t o know i f t h e s o l u b i l i t y l i m i t depends on t h e l a s e r treatment i s more d i E f i c u l t t o answer, s i n c e no s o l u b i l i t y lim i t measurements have been done with o t h e r l a s e r s o r e-beams. However, t h e same high s u b s t i t u t i o n a l i t y has been reported f o r ruby l a s e r and Cln1 e l e c t r o n beam i r r a d i a t i o n of
An attempt was made t o p l o t t h e s e values of t h e s o l u b i l i t y l i m i t a g a i n s t Otiler Wara-. meters. One of t h e chosen parameters was t h e equilibrium d i s t x i b u t i o n c o e f f i c i e n t s i n c e
F i s c h l e r /12/ has observed t h a t i n e q u i l ibrium conditions, both f o r s i l i c o n and germanium and f o r most i m p u r i t i e s t h e experimental maximum molar s o l u b i l i t y xm i s about one t e n t h of t h e d i s t r i b u t i o n c o e f z i c i e n t ko a t t h e melting p o i n t . Some b a s i s f o r t h i s dependence from thermodynamical considerat i o n s has been given by S t a t z /13/. For im- c o r r e l a t e d t o t h e t e t r a e d r a l r a d i u s (Fig.4) . of t h e s i l i c o n matrix can convert from liLike f o r equilibrium conditions two d i f f equid t o s o l i d without long d i s t a n c e motion, r e n t dependences a r e obtained f o r acceptor whereas t h e excess of dopant would have t o and donor impurities.
d i f f u s e over long d i s t a n c e s i n order t o be frozen i n t h e r a p i d l y moving i n t e r f a c e .
Thus t h e s o l u b i l i t y of the dopant should depend on i t s mobility a t t h e i n t e r f a c e and on t h e r e c r y s t a l l i z a t i o n v e l o c i t y . S t r i c t l y speaking t h e r e s u l t s presented here should t h e r e f o r e be v a l i d only f o r ruby l a s e r s . Furthermore the f a c t t h a t t h e s o l u b i l i t y i s independent on the l a s e r energy can be explained by considering t h a t t h e i n t e r f a c e v e l o c i t y i s nearly independent on t h e l a s e r energy i n t h e range used here /18/. F i n a l l y t h e existence of a simple c o r r e l a t i o n between
Cml and ko f o r t h e dopants may be due t o t h e f a c t t h a t they have nearly t h e same mobility a t t h e i n t e r f a c e . This r e l a t i o n does probably not hold f o r a l l i m p u r i t i e s . n i t and t h e equilibrium d i s t r i b u t i o n coef-
Discussion.-Although t h e mecanism of l a -f i c i e n t . s e r annealing i s not y e t f i n a l l y e s t a b l i -I t allows t o p r e d i c t t h e s o l u b i l i t y li--shed /14/ we can t r y t o i n t e r p r e t our resum i t of any dopant and a l s o it may help t o Its using t h e thermal ("meltingn) model understand t h e fundamental mechanism of /15,16/.
t h e i n t e r a c t i o n of l a s e r with s i l i c o n . This model assumes t h a t t h e energy of the i n c i d e n t photons i s converted i n t o h e a t References i n t h e l a t t i c e i n a l a y e r of depth given by /1/ F h i t e , C.tJ.Narayan, J. and Young, R.T. t h e photon absorption length and i n a time i n Laser Solid I n t e r a c t i o n s and LaLaser Processing, Boston (1978) small compared t o t h e d u r a t i o n of t h e pulse, (AIP Conf . Proc. SO) Ed. by S .D. t h a t t h i s thermal energy leads t o t h e mel-F e r r i s , H . J . Leamy and J.M. Poate, P. 275. t i n g of t h e s u r f a c e and t h a t t h e recrys- t e r p r e t e d by considering trapping of t h e dopant a s suggested by Jackson and Leamy /17/. According t o t h e s e a u t h o r s , t h e atoms -C e l l e r , G.K. i n Laser Solid I n t e r ac t i o n s and Laser Processing, Boston (1978) ( A I P Conf .Proc -50) Ed. by S. F. F e r r i s , H. J. Leamy and J.14. Poate p. 487.
